INTRODUCTION
============

Cell death represents the most critical pathologic entity in liver disease. Although it fundamentally takes place as an adaptive and homeostatic response to internal or external perturbations to achieve targeted elimination of damaged or harmful cells, it also occurs due to a failure to cope with excessive insults or stress and more importantly dictates pathologic consequences such as inflammation, fibrosis, and even transformation. Many different types of cell death have been described and most, except accidental cell death (e.g., death due to physical or chemical injury), are mediated by built-in mechanisms and thus termed regulated cell death. Based on the type of insult, initiation mechanisms and phenotype, cell death is classified into different types: apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, pyroptosis, ferroptosis, parthanatos, and entosis as summarized in [Table 1](#t1-gnl-14-020){ref-type="table"}.[@b1-gnl-14-020] These different types of death may be manifested by hepatocytes, biliary epithelial cells, or non-parenchymal liver cells in a manner dependent on etiology, the nature and extent of co-morbidities, and disease stage.[@b2-gnl-14-020],[@b3-gnl-14-020]

APOPTOSIS
=========

Apoptosis is described as programmed cell death and characterized by nuclear fragmentation, chromatin condensation, and cellular shrinkage. Apoptosis occurs normally during development and aging and as a homeostatic mechanism to maintain cell populations in tissues. Apoptosis also occurs as a defense mechanism such as in immune reactions or when cells are damaged by disease or noxious agents.[@b1-gnl-14-020] Apoptotic cells generate apoptotic bodies, which are phagocytosed (also termed efferocytosed) by immune cells without eliciting inflammation as well as by adjacent parenchymal or non-parenchymal cells. Although apoptosis has a less pro-inflammatory consequence than necrotic cell death, phagocytosis of apoptotic bodies by Kupffer cells upregulates death ligand and cytokines in cholestatic liver injury in mice.[@b4-gnl-14-020] In the same model, the Fas-mediated apoptosis of hepatocytes is associated with activation of hepatic stellate cells (HSCs) and liver fibrosis, linking apoptosis to liver fibrosis.[@b5-gnl-14-020] Thus, apoptosis may not be as innocuous as originally presumed. Apoptosis primarily is dependent on activation of caspases, but caspase-independent apoptosis also occurs. In general, apoptosis can either be triggered via intrinsic mitochondrial or extrinsic death receptor-mediated pathways.[@b1-gnl-14-020]

Intrinsic apoptosis occurs due to a variety of abnormal conditions such as growth factor withdrawal, DNA damage, endoplasmic reticulum stress, reactive oxygen species (ROS) overload, replication stress, microtubular alterations or mitotic defects.[@b6-gnl-14-020] These cellular stresses cause BAX/BAK-induced mitochondrial outer membrane pore formation and mitochondrial release of apoptotic factors such as cytochrome c and SMAC/DIABLO, which bind to APAF1 and pro-caspase 9 (CASP9) to form apoptosome and to activate CASP9. CASP9 activates the apoptosis executioner caspases, CASP3 and CASP7, which mediate DNA fragmentation and phosphatidylserine externalization of the plasma membrane.[@b1-gnl-14-020],[@b6-gnl-14-020],[@b7-gnl-14-020]

The extrinsic death receptor pathway is initiated by the binding of the ligands to the death receptors such as FAS and TNFR1. This initiates activation of CASP8 via FADD and TRADD, respectively and subsequent activation of CASP3 and CASP7 and apoptosis.[@b1-gnl-14-020]

Both intrinsic and extrinsic apoptosis are involved in cholestatic liver injury, alcoholic and nonalcoholic steatohepatitis (ASH and NASH), and milder hepatotoxic injury.[@b2-gnl-14-020],[@b3-gnl-14-020],[@b8-gnl-14-020] The family of dependence receptors encompasses around 20 members which include netrin1 receptors (DCC and UNC5A-D), neurotrophin receptor (NTRK3), and the sonic hedgehog receptor patched. Although ligand-mediated activation of these dependence receptors promotes cell proliferation, differentiation, and survival, the ligand depletion triggers death pathways via CASP9-CASP3 activation or a p53-dependent mechanism.[@b1-gnl-14-020] UNC5A in hepatocytes counteracts hepatitis C virus (HCV) persistence but HCV infection downregulates its expression.[@b9-gnl-14-020] UNC5A is depleted in HCV cirrhosis and hepatocellular carcinoma (HCC), and its role in regulation of liver tumorigenesis is suggested.[@b9-gnl-14-020] HSCs express p75 neurotrophin receptor and its loss causes stellate cell apoptosis and impairs liver regeneration.[@b10-gnl-14-020],[@b11-gnl-14-020]

Hepatitis B virus (HBV) infection is known to regulate apoptosis of hepatocytes. HBV HBx protein sensitizes cells to apoptosis triggered by various insults such as tumor necrosis factor (TNF)-α,[@b12-gnl-14-020] anti-Fas antibody, growth factor deprivation, and oxidative stress[@b13-gnl-14-020] in culture and spontaneously increases apoptosis of hepatocytes when expressed *in vivo*.[@b13-gnl-14-020] This pro-apoptotic effect is p53-independent[@b13-gnl-14-020] and may be mediated by loss of mitochondrial membrane potential[@b14-gnl-14-020] or HBx interaction with cellular FLICE inhibitory protein (c-FLIP), a key regulator of the death-inducing signaling complex, inhibiting the c-FLIP's anti-apoptotic function.[@b15-gnl-14-020] Conversely, HBx protein abrogates p53-induced apoptosis by sequestering this pro-apoptotic protein in the cytoplasm[@b16-gnl-14-020] and inhibits Fas-mediated apoptosis in a p53-independent manner involving the MEKK1-JNK intrinsic apoptotic pathway.[@b17-gnl-14-020] HBx also promotes autophagic and lysosomal degradation of the TNFSF10/TRAIL (tumor necrosis factor related apoptosis-inducing ligand) death receptors, supporting survival of HBV-infected cells and evading antiviral immunity.[@b18-gnl-14-020] In fact, HBx stimulates Parkin-mediated mitophagy and suppresses mitochondrial apoptosis, a mechanism which may contribute to HBV-induced hepatocarcionogenesis.[@b19-gnl-14-020]

MPT-DRIVEN NECROSIS
===================

Necrosis is characterized by cell swelling, membrane rupture, and release of cell contents that leads to a subsequent inflammatory response. However, a current consensus is that necrosis is mostly mediated by MPT, which characterizes the formation of permeability transition pore at inner and outer mitochondria membranes, causing rapid dissipation of the membrane potential gradient, loss of ATP synthesis, osmotic breakdown of both membranes, and cell death.[@b1-gnl-14-020] Peptidylprolyl isomerase F, also known as cyclophilin D (CYPD), is shown to participate in this pore formation. Pharmacologic inhibitors of CYPD such as Cyclosporin A, ameliorate MPT and cell death in diseases where oxidative stress and cytosolic Ca^2+^ overload play major pathogenetic roles.[@b1-gnl-14-020] In animal model of acetaminophen hepatotoxicity,[@b20-gnl-14-020] CYPD deficiency prevents hepatotoxicity although a conflicting result is also published.[@b21-gnl-14-020] CYPD deficiency, either global or liver-specific, prevents high fat diet-induced fatty liver disease.[@b22-gnl-14-020],[@b23-gnl-14-020] GSK3β translocates to mitochondria and phosphorylates CYPD, promoting its association with the adenine nucleotide translocator and Ca^2+^-mediated MPT in ischemia-reperfusion (I/R) liver injury. GSK3β inhibition with indirubin prevents these events.[@b24-gnl-14-020] Similarly, NAD-stimulated SIRT3 activity deacetylates and inactivates CYPD and prevents MPT in fatty livers after warm I/R.[@b24-gnl-14-020] Acute alcohol dosing causes transient dose-dependent mitochondrial depolarization in hepatocytes in a manner independent of MPT but in close association with lipid accumulation.[@b25-gnl-14-020] Further, CYPD global deficiency failed to prevent alcoholic fatty liver.[@b26-gnl-14-020] Thus, the role of CYPD in MPT-mediated hepatocellular necrosis in alcoholic liver disease (ALD) is yet to be clarified.

NECROPTOSIS
===========

Another necrotic type of regulated cell death is necroptosis, which is caused by extracellular or intracellular perturbations and prevalent in most chronic liver diseases including viral hepatitis, autoimmune hepatitis, NASH, and ALD.[@b8-gnl-14-020],[@b27-gnl-14-020] Extracellular signals may be mediated via the death receptors (FAS and TNFR1) and Toll-like receptors (TLRs; TLR3 and TLR4). This pathway is caspase-independent and triggered by sequential activation of receptor interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain like pseudokinase (MLKL). Upon TNFR1 ligation, for example, the formation of "necrosome" takes place where RIPK1 and RIPK3 undergo trans- and auto-phosphorylation. Active RIPK3 phosphorylates MLKL, resulting in MLKL oligomerization and translocation to the plasma membrane where they increase the permeability via activation of ADAM proteases, Ca^2+^ influx by targeting the cation channel (TRPM7), and phosphatidylserine externalization.[@b1-gnl-14-020]

There are considerable crosstalk regulations between apoptosis versus necroptosis pathways.[@b1-gnl-14-020],[@b8-gnl-14-020] Active CASP8 cleaves and inactivates RIPK3, suppressing necroptosis. Necroptosis is also inhibited by c-IAPs, the inhibitors of apoptosis due to their ability to ubiquitinate RIPK1, which functions immediate downstream of TNFR1 along with TRADD for the survival pathway but also forms a complex with FADD and RIPK3 for the necroptosis pathway. CYPD deubiquitinates RIPK1 but can be targeted by CASP8. IKK, which activates NF-kB, phosphorylates and inhibits RIPK1 while transcriptionally upregulating anti-apoptotic molecules such as c-IAPs and c-FLIP. High levels of damage associated molecular patterns (DAMPs) are released by lytic necroptotic cell death as compared to apoptosis, activating inflammasome and TLRs and stimulating inflammation. CASP8 also inhibits NLRP inflammasome while RIPK3 activates it, serving as another mechanism for differential effects on inflammation by apoptosis versus necroptosis. The balance between these two cell death types not only determines the extent of inflammation but also appears to dictate the type of liver cancer developed. In a recent study,[@b28-gnl-14-020] a necroptotic microenvironment with inflammatory cytokine expression promoted intrahepatic cholangiocarcinoma development caused by genetic oncogenic activation while an apoptotic environment favored the development of HCC. Active MLKL is also shown to be capable of activating the NLRP3 inflammasome and pro-interleukin (IL)-1β just preceding the necroptotic cell death.[@b29-gnl-14-020] It is noteworthy that RIPK3 deficient mice fed high fat diet, which failed to phosphor-activate MLKL, were shown to exhibit exacerbated liver inflammation, apoptosis, and fibrosis.[@b30-gnl-14-020] This finding contrasts to the protective effect observed in an ALD model[@b27-gnl-14-020] but also suggests that the role of necroptosis is context-dependent and a shift from necroptosis to apoptosis may be more inflammatory and fibrogenic in nonalcoholic fatty liver disease (NAFLD).

FERROPTOSIS
===========

Ferroptosis is a form of regulated cell death, which is dependent on intracellular iron catalyzing the generation of ROS and consequent oxidative damage. Such condition is experimentally induced by erastin and sulfasalazine, which inhibit cystine-glutamate antiporter system xCT, resulting in deprivation of cysteine and suppressed glutathione synthesis.[@b31-gnl-14-020] In ferroptosis, mitochondria are reduced in size and condensed with loss of crista and rupture of the outer membrane.[@b31-gnl-14-020] Accordingly, this process is characterized by the accumulation of lipid peroxidation products and can be pharmacologically ameliorated with iron chelators such as deferoxamine and lipid peroxidation inhibitors like ferrostatin.[@b31-gnl-14-020] Besides hemochromatosis, which is obviously based on iron-catalyzed oxidative injury,[@b32-gnl-14-020] acetaminophen hepatotoxicity may also involve ferroptosis.[@b33-gnl-14-020] As iron accumulation and iron-catalyzed lipid peroxidation are common complications of ALD and NASH, this cell death pathway may be expected to co-exist with apoptotic, MPT-necrotic, or necroptotic pathways. As recently shown in neurodegenerative diseases, ferritin degradation in lysosomes and subsequent release of catalytically active iron may underlie ferroptosis in the pathogenesis of these diseases.[@b34-gnl-14-020] This raises a question as to if enhanced autophagy of ferritin, the major intracellular protein complex for iron storage, may risk iron-loaded cells with compromised antioxidant defense for ferroptosis rather than offering protection. A recent study addressed this question in HSCs. In this study, the mRNA-binding protein ELAV1 (HuR) which is upregulated in activated HSCs and contributes to liver fibrosis,[@b35-gnl-14-020] was shown to enhance autophagy via *Beclin1* mRNA stabilization and to promote ferritinophagy and ferroptosis in HSCs.[@b36-gnl-14-020] Further, the treatment with sorafenib inhibited this pathway and ameliorated liver fibrosis in mice.[@b36-gnl-14-020] Although the latter data need to be scrutinized due to multiple effects of sorafenib besides autophagy, regulation of HSCs via ferroptosis is an interesting notion which needs to be further investigated.

PYROPTOSIS
==========

Pyroptosis is a type of regulated cell death, which mainly occurs in response to intracellular pathogens or pathogen-associated molecular patterns (PAMPs), most notably LPS. Pyroptosis was originally described as a type of cell death associated with cell swelling and rapid plasma membrane lysis due to the membrane pore formation in a CASP1-dependent manner.[@b37-gnl-14-020] However, caspase-1 independent pathway triggered by activation of CASP11 (CASP4/5 in man), has recently been described.[@b38-gnl-14-020] Unlike canonical inflammasome CASP1, which requires a complex with a Nod-like receptor sensor protein and the ACS adopter protein for its activation, CASP11 undergo oligomerization upon binding of the LPS lipid A moiety to CASP11 N-termini. Similar to apoptosis, cells undergoing pyroptosis have extensive nuclear DNA fragmentation but DNA fragmentation in pyroptosis does not require caspase-activated DNAse. Recently, the executioner molecule responsible for pore formation was identified to be gasdermin-D (GSDMD), which is activated by CASP11-mediated proteolytic activation of pro-GSDMD, releasing a 30 to 31 kD N-terminal fragment.[@b39-gnl-14-020],[@b40-gnl-14-020] This fragment is recruited to the plasma membrane via binding to phosphatidylinositol phosphates, phosphatidylserine, and cardiolipin and forms an oligomerized ring structure to create a pore.[@b41-gnl-14-020],[@b42-gnl-14-020] The importance of the CASP11-GSDMD pathway in endotoxemia-induced lethality was highlighted by remarkable protection of *Casp11*−/− or *Gasmd*−/− mice from death caused by an excessive LPS challenge which killed almost all wild type mice.[@b39-gnl-14-020]

Alcoholic hepatitis (AH) is one of the most severe form of ALD and carries a very high 3-month mortality rate of 30% to 50%.[@b43-gnl-14-020] Its common clinical symptoms are hepatomegaly, jaundice, nausea, vomiting and abdominal pain, and ascites.[@b44-gnl-14-020],[@b45-gnl-14-020] Histologically, the patient liver shows ballooned hepatocytes often containing Mallory-Denk bodies accompanied by neutrophilic infiltration.[@b45-gnl-14-020],[@b46-gnl-14-020] Patients with severe AH develop sepsis, liver failure, and multiorgan dysfunction, raising the risk of death. The treatment option for AH is very limited. Although most guidelines recommend corticosteroid use, 30% to 40% of AH patients fail to respond to this treatment. Liver transplantation has a favorable outcome for AH patients, however, most transplant centers require 6-month abstinence from alcohol. Since the short-term mortality of severe AH is very high, the 6-month abstinence requirement is often waived for such patients who show no improvement after the standard treatment.[@b47-gnl-14-020],[@b48-gnl-14-020]

Pursuing for the development of a new therapeutic approach for AH, gut dysbiosis, leaky gut and bacterial translocation, neutrophilic inflammation, and sepsis are important considerations. Through transcriptomic analysis of the mouse model, which undergoes mild chronic steatohepatitis and is mainly characterized by steatohepatitis with mononuclear cell inflammation and chicken-wire fibrosis versus AH with intense neutrophilic infiltration, we looked for a driver(s) which cause(s) a transition from the former mild form to the latter life-threatening form.[@b49-gnl-14-020] Pathway analysis for differentially regulated transcripts for this comparison, revealed the genes associated with infection were most abundantly and significantly regulated in the AH model liver. One such gene was CASP11. Our subsequent analysis revealed the pro-CASP11 was not only induced but also activated in AH, concomitant with the appearance of the 30 kD fragment of GSDMD, demonstrating activation of CASP11-GSDMD pathway.[@b49-gnl-14-020] This biochemical evidence was associated with increased bacterial load in the liver, hepatocellular necrosis, and neutrophilic infiltration, all of which were ameliorated in CASP11 deficient-mice. Conversely, the deficiency of IL-18, a key anti-microbial cytokine, worsened CASP11-GSDMD activation, lytic hepatocellular death, liver bacterial load, and neutrophilic inflammation. Further, hepatocyte-specific overexpression of active GSDMD reproduced the similar phenotype. Finally, activation of CASP11-GSDMD was also evident in livers from AH patients but not normal subjects.[@b49-gnl-14-020] These results support a notion that the CASP11-GSDMD pathway is activated in bacteria- or LPS-loaded hepatocytes and causes pyroptosis of such cells, aggravating neutrophilic infiltration via release of DAMP, bacteria, PAMPs, IL-1, and IL-18 from pyroptotic cells in AH. If this process is severe enough, it may lead to septicemia, one of the most common complications of AH in patients.

As gut dysbiosis is also commonly evident in NAFLD and NASH, it is not surprising that NASH is associated with activation of the pyroptotic GSDMD pathway.[@b50-gnl-14-020] Human hepatoma cell lines infected with HCV also undergo pyroptosis besides apoptosis,[@b51-gnl-14-020] although its relevance to HCV-infected patient livers is yet to be determined. However, this raises an outstanding question as to what PAMPs or microorganisms are capable of eliciting the pyroptotic pathway besides gram-negative bacteria and LPS. Another crucial question is what cells are targeted by the pyroptotic pathways in liver diseases. Hepatic macrophages, which serve as the first line of defense against invading microorganisms, are a natural target. Indeed, in the mouse AH model, isolated hepatic macrophages show increased levels of activated GSDMD.[@b49-gnl-14-020] In the AH patient livers, functional macrophages are often depleted and pyroptosis may be involved in such condition which further aggravate neutrophilic infiltration to fight against bacteria. Eosinophils[@b52-gnl-14-020] and invariant natural killer T cells[@b53-gnl-14-020] are also shown to undergo pyroptosis in response to liver injury. Future studies have to address how pyroptosis of parenchymal and non-parenchymal liver cells determines the pathologic outcome in the disease-specific setting.

PARTHANATOS
===========

Parthanatos is a form of regulated cell death caused by excessive DNA damage response primarily mediated by poly(ADP-ribose) polymerase 1 (PARP1). Parthanatos occurs after severe and prolonged alkylating DNA damage, oxidative stress, hypoxia, hypoglycemia, or inflammation.[@b1-gnl-14-020] Reactive nitrogen species, such as NO, are a major trigger of PARP1 activation which causes NAD+ and ATP depletion, accumulation of poly(ADP-ribose) polymers and poly(ADP-ribosyl)ated proteins in mitochondria, culminating to the loss of membrane potential. Poly(ADP-ribose) polymers also binds apoptosis-inducing factor (AIF) and promotes AIF nuclear translocation, leading to DNA fragmentation and nuclear condensation. Macrophage migration inhibitory factor, which is implicated in various liver diseases including ALD,[@b54-gnl-14-020] is recently shown to be an AIF binding partner and catalyze DNA cleavage.[@b55-gnl-14-020] In fact, there appears to be a cross-relationship between necroptosis and parthanatos as activated RIPK1 and RIPK3 may stimulate the enzymatic activity of PARP1 and promote ATP depletion and AIF release.[@b56-gnl-14-020],[@b57-gnl-14-020] Although parthanatos is primarily described in the context of cardiovascular and renal diseases, diabetes, and neurodegeneration, its role in liver diseases is suspected based on the known involvement of PARP1 in liver cell death.

ENTOSIS
=======

Entosis is a form of cell cannibalism that takes place in either healthy or abnormal tissues via engulfment of viable cells by non-phagocytic cells of homotypic or heterotypic variety.[@b1-gnl-14-020] Entosis of epithelial cells commonly occurs when the cells lose integrin signaling by detachment from the matrix. The process of entosis is mediated by cellular invasion, which appears to depend on E-cadherin, α-catenin, RhoA, and rho-associated kinase (ROCK). Entosis takes place in cancer cell competition. Activation of KRAS and RAC1 facilitates myosin downregulation in engulfing cells to allow invasion of target cells.[@b58-gnl-14-020] The cells with AMPK activation due to nutrient deprivation appear to succumb to entosis, suggesting a competition based on nutrient recovery.[@b59-gnl-14-020] Emperipolesis represents entosis of hematopoietic cells by host cells, and emperipolesis of activated T cells by hepatocytes occurs which may render immune tolerance. In chronic liver disease such as chronic HBV and autoimmune hepatitis, emperipolesis is increased, suggesting its involvement in liver injury or defective T clearance.[@b60-gnl-14-020] Recently, HSCs are shown to engage in emperipolesis of anti-fibrotic natural killer cells in HBV patients with liver cirrhosis in a transforming growth factor-β dependent manner as a potential novel mechanism of fibrosis amplification.[@b61-gnl-14-020]

OTHER CELL DEATH TYPES CLASSIFIED BY THE PRIMARY MECHANISMS
===========================================================

Autophagy-dependent cell death is a type of regulated cell death dictated by the autophagic machinery primarily for an adaptive cytoprotective purpose. Examples of experimental evidence for autophagy-dependent cell death include neuronal cell death caused by hypoxia-ischemia in neonatal mice, which is prevented by neuron-specific deletion of *Atg7*.[@b1-gnl-14-020] Cocaine-induced neurotoxicity is also prevented by pharmacologic or genetic abrogation of autophagic process. The lncRNA autophagy-promoting factor which promotes ATG7 expression is implicated in myocardial infarction.[@b1-gnl-14-020] In a certain case of hepatocellular toxicity, autophagy-dependent apoptosis may be induced in hepatocytes via a lysosomal-mitochondrial axis.[@b62-gnl-14-020]

Lysosome-dependent cell death is a regulated cell death type induced by the permeabilization of lysosomal membranes (LMP), the condition relevant to inflammation, tissue involution, aging, neurodegeneration, and intracellular pathogen response.[@b1-gnl-14-020] LMP may occur following mitochondrial membrane permeabilization as a consequence of apoptotic and necroptotic processes. But the lysosomes can be permeabilized before mitochondria via BAX recruitment to the lysosomal membrane. Oxidative stress and lipid peroxidation of lysosomal membrane may also contribute to LMP. Primary LMP can also occur via TRAIL signaling or viral infection. In fact, c-FLIP prevents TRAIL-induced apoptosis in liver cancer cells by inhibiting LMP.[@b63-gnl-14-020] Treatment of hepatocytes with free saturated fatty acids causes LMP prior to mitochondrial dysfunction and pharmacologic or genetic inhibition of cathepsin B prevents mitochondrial dysfunction of hepatocellular lipotoxicity,[@b64-gnl-14-020] suggesting the relevance of lysosomal-dependent cell death to NASH. ALD is also associated with impaired lysosomal functions,[@b65-gnl-14-020] and a recent study demonstrates restoration of lysosome biogenesis and autophagy prevents alcohol-induced liver injury,[@b66-gnl-14-020] suggesting the role of lysosomal effects in the pathogenesis. In the mammary epithelial cell involution model, STAT3 is shown to be important in lysosome-dependent cell death via its ability to upregulate cathepsin B and L and inhibit their inhibitors Spi2A.[@b67-gnl-14-020] Cathepsins and STAT3 are commonly overexpressed and activated in many malignancies including liver cancer, yet these tumors evade lysosome-dependent cell death for reasons yet to be elucidated.

CROSS-REGULATION AMONG DIFFERENT CELL DEATH PATHWAYS AND WITH INFLAMMATION
==========================================================================

The death pathways discussed above cross-regulate to determine a type of cell death which dominates in the end or co-exists to culminate to cell death of mixed phenotypes. Thus, unless the liver is acutely injured, the liver cells must undergo different phases of cell death pathway activation and adaptations in the evolution of chronic liver disease, with a relatively more dominant cell death type in each phage rendering different pathologic consequences such as inflammation, fibrosis, and transformation. Most notable cross-regulation is CASP8-mediated inhibition of necroptosis by RIPK3 degradation, favoring apoptosis. RIPK1 can be directly inhibited via ubiquitination by anti-apoptotic cIAPs and this prevents TNF-mediated apoptosis or necroptosis.[@b68-gnl-14-020] In contrast, CYPD required for MPT-driven necrosis deubiquitinates RIPK1 to facilitate necrosome formation to enforce the cell death pathway.[@b69-gnl-14-020] Active RIPK3 and MLKL activates NLRP3 inflammasome,[@b29-gnl-14-020] serving as a direct link between necroptosis and inflammation besides DAMP-mediated inflammasome activation. However, the extrinsic apoptosis effector CASP8 also forms a NLRP3 inflammasome like CASP1 to process pro-IL-1β to incite inflammation,[@b70-gnl-14-020] underscoring the complexity of the cross-regulation. Partial examples of such cross-regulations among the different death pathways are summarized in [Table 2](#t2-gnl-14-020){ref-type="table"}[@b56-gnl-14-020],[@b57-gnl-14-020],[@b69-gnl-14-020],[@b71-gnl-14-020]--[@b77-gnl-14-020] and [Fig. 1](#f1-gnl-14-020){ref-type="fig"}.

CONCLUSIONS
===========

A major difficulty in studying cell death *in vivo* is the absence of specific markers that can be used for detection of different types of cell death *in situ*. TUNEL staining which was originally considered to be specific for apoptosis is now known to be detected in several other cell death types. CASP3 activation is generally considered as a good marker for apoptosis as it serves as a final step toward this type of cell death. However, CASP3 can also be activated for non-apoptotic functions such as regulation of cell proliferation and differentiation.[@b78-gnl-14-020] Although recognition of apoptotic cells is relatively easy due to their distinct morphology, distinction among other necrotic, necroptotic, and pyroptotic cell death currently has to rely on assessment of the effector activation status via biochemical analysis and their *in situ* validation is very difficult if not possible. Development of sensitive *in situ* markers of these different cell types will advance our ability to enhance the pathogenetic insights into liver diseases.

As cell death is a critical pathogenetic event in acute and chronic liver diseases, the effectors of cell death pathways obviously are potential therapeutic targets. Many of such pharmacologic compounds are under clinical trials. Just to list a few, Emricasan (IDN-6556) is a pan-caspase inhibitor which is under randomized clinical trials for NASH patients with stage 1--3 fibrosis, decompensated cirrhosis, or severe portal hypertension. Apoptosis signal-regulating kinase (ASK1) is a member of the MAP3K family which activates JNK and p38MAPK to promote apoptosis, inflammation, and fibrosis. Selonsertib (GS-4997), an ASK1 inhibitor, is under phase 3 trial for NASH, and its anti-fibrotic effect may benefit NASH patients advancing to cirrhosis. RIPK1 inhibitors have been developed for chronic inflammatory diseases, and phase 2 studies are underway for GSK2982772, a selective RIPK1 inhibitor, for psoriasis and rheumatoid arthritis. The same drug and another RIPK1 inhibitor, GSK2983559, are currently under clinical trials for ulcerative colitis and inflammatory bowel diseases (<https://clinicaltrials.gov/ct2/results?term=RIP1+inhibitor>). These RIPK1 and RIPK3 inhibitors will likely be tested for chronic liver diseases very soon.

This study was supported by the NIH grants (P50AA011999, U01AA018663, R24AA012885) and by Medical Research Service of Department of Veterans Affairs (5I01BX001991 and IK6BX004205). S.A.'s research scholarship in the senior author's laboratory was supported in part by Japan Student Services Association.

**CONFLICTS OF INTEREST**

No potential conflict of interest relevant to this article was reported.

![A schematic diagram depicting the cross-regulations of different cell death pathways. Solid arrows represent activating interactions, while T-shaped lines represent inhibitory interactions. Hypothesized interactions are represented by dashed line.\
TNF, tumor necrosis factor; CASP, caspase; GSDME, gasdermin-E; LPS, lipopolysaccharide; RIPK, receptor interacting protein kinase; cIAPs, cellular inhibitor of apoptosis proteins; NF, nuclear factor; CYPD, cyclophilin D; MPT-necrosis, mitochondrial permeability transition necrosis; PARP1, poly (ADP-ribose) polymerase 1.](gnl-14-020f1){#f1-gnl-14-020}

###### 

Summary of Different Cell Death Types

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cell death type       Regulated   Insults                                                                                  Effectors                                    Morphologic features                                                              Liver disease
  --------------------- ----------- ---------------------------------------------------------------------------------------- -------------------------------------------- --------------------------------------------------------------------------------- ------------------------------------------------------------
  Apoptosis             Yes         Intrinsic: loss of growth signals; organelle stress, DNA damage, ROS, mitotic defects\   BAX/BAK\>APAF1/CASP9\>CASP3/CASP7\           PM integrity, PS exposure\                                                        Cholestatic, autoimmune, ALD, NASH viral, HCC
                                    Extrinsic: FAS/TNFR1 activation                                                          CASP8/10\>CASP3                              DNA fragmentation/nuclear condensation                                            

  MPT-necrosis          Yes         ROS, cytosolic Ca^2+^ overload                                                           BAX/BAK\                                     Initial apoptotic features followed by mitochondria abnormality and lytic death   NAFLD, I/R, ALD[\*](#tfn2-gnl-14-020){ref-type="table-fn"}
                                                                                                                             CYPD                                                                                                                           

  Necroptosis           Yes         FAS/TNFR1 activation\                                                                    RIPK3\>MLKL                                  Lytic death due to PM permeability                                                NASH, ALD, drug autoimmune
                                    TLR3/4 receptor activation                                                                                                                                                                                              

  Ferroptosis           No/yes      Iron catalyzed ROS and lipid peroxidation                                                Independent of BAX/BAK, CYPD, CASPs, RIPK3   Necrotic morphology\                                                              NASH[\*](#tfn2-gnl-14-020){ref-type="table-fn"}\
                                                                                                                                                                          Mitochondria shrinkage, cristae loss, ruptured outer mitochondria membrane        ALD[\*](#tfn2-gnl-14-020){ref-type="table-fn"}

  Pyroptosis            Yes         Intracellular LPS or bacteria                                                            CASP1\                                       Lytic death due to PM pore formation                                              NASH, ALD
                                                                                                                             CASP11/4\>GSDMD                                                                                                                

  Parthanatos           Yes         Alkylating DNA damage, ROS, RNS, hypoxia                                                 PARP1                                        DNA fragmentation/nuclear condensation                                            Drug

  Entosis               Yes         Loss of integrin signaling; cancer cell competition                                      Myosin/RhoA/ROCK                             Invasion of entotic cells into engulfing cells                                    HCC

  Autophagy-dependent   Yes         Toxicity, hypoxia, ischemia                                                              Autophagy machinery                          Autophagosome                                                                     Drug[\*](#tfn2-gnl-14-020){ref-type="table-fn"}

  Lysosome-dependent    Yes         TRAIL activation                                                                         BAX                                          LMP/lysosomal abnormality followed by mitochondria dysfunction                    Lipotoxicity (NASH), ALD
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ROS, reactive oxygen species; TNFR1, tumor necrosis factor 1; BAX, BCL-2 associated X protein; BAK, BCL-2 homologous antagonist killer protein; APAF1, apoptotic protease activating factor 1; CASP, caspase; PM, plasma membrane; PS, phosphatidylserine; ALD, alcoholic liver disease; NASH, nonalcoholic steatohepatitis; HCC, hepatocellular carcinoma; MPT-necrosis, mitochondrial permeability transition necrosis; CYPD, cyclophilin D; NAFLD, nonalcoholic fatty liver disease; I/R, ischemia-reperfusion; TLR3/4, Toll-like receptor 3/4; RIPK3, receptor interacting protein kinase 3; MLKL, mixed lineage kinase domain like pseudokinase; LPS, lipopolysaccharide; GSDMD, gasdermin-D; RNS, reactive nitrogen species; PARP1, poly \[ADP-ribose\] polymerase 1; ROCK, rho-associated kinase; TRAIL, tumor necrosis factor related apoptosis-inducing ligand; LMP, latent membrane protein.

These relationships have not yet been fully established.

###### 

Cross-Regulations of Different Cell Death Pathways

  Cell death pathway   Effector      Action                                                                                   Cell death pathway regulated
  -------------------- ------------- ---------------------------------------------------------------------------------------- ------------------------------
  Apoptosis            CASP8         Inactivates RIPK3 and necroptosis[@b71-gnl-14-020]                                       Necroptosis
                                     Inactivates CYPD and inhibits MPT-necrosis[@b72-gnl-14-020]                              MPT-necrosis
                                     Activated by NLRC4 inflammasome and induces pyroptosis[@b73-gnl-14-020]                  Pyroptosis
                       CASP3         Activates GSDME-mediated pyroptosis in chemotherapy[@b74-gnl-14-020]                     Pyroptosis
                       CASP3/7       Inactivates GSDMD and pyroptosis in monocytes[@b75-gnl-14-020]                           Pyroptosis
  MPT-necrosis         CYPD          Rescues cIAP-induced ubiquitination of RIPK1 and promotes necroptosis[@b69-gnl-14-020]   Necroptosis
  Necroptosis          RIPK1         Inhibits CASP8 dependent apoptosis[@b76-gnl-14-020]                                      Apoptosis
                                     Stimulates anti-apoptotic NF-kB activation[@b77-gnl-14-020]                              Apoptosis
                       RIPK1/RIPK3   Activates PARP1 and stimulates parthanatos[@b56-gnl-14-020],[@b57-gnl-14-020]            Parthanatos

CASP, caspase; RIPK1 and 3, receptor interacting protein kinase 1 and 3; CYPD, cyclophilin D; MPT-necrosis, mitochondrial permeability transition necrosis; NLRC4, NLR family CARD domain-containing protein 4; GSDME, gasdermin-E; GSDMD, gasdermin-D; cIAP, cellular inhibitor of apoptosis protein; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PARP1, poly (ADP-ribose) polymerase 1.
